The flow through the Bering Strait, the only Pacific-Arctic oceanic gateway, has dramatic local, regional, and global impacts. Advanced year-round moored technology quantify challengingly large temporal (sub-daily, seasonal, and interannual) and spatial variability in the ~85km wide, two-channel strait. The typically northward flow, intensified seasonally in the ~10-20km wide, warm, fresh, nutrient-poor Alaskan Coastal Current (ACC) in the east, is otherwise generally homogeneous in velocity throughout the strait, although with higher salinities, nutrients and lower temperatures in the west. Velocity and water properties respond rapidly (including flow reversals) to local wind, likely causing most of the strait's ~two-layer summer structure (by "spilling" the ACC) and winter water-column homogenization. We identify island-trapped eddy zones in the central strait; changes in sea-ice properties (season-mean thicknesses from <1m to >2m); and increases in annual mean volume, heat, and freshwater fluxes from 2001 to present (2013). Tantalizing first results from year-round bio-optics, nitrate, and ocean acidification sensors indicate significant seasonal and spatial change, possibly driven by the spring bloom. Moored acoustic recorders show large interannual variability in subarctic whale occurrence, related perhaps to water property changes. Substantial daily variability demonstrates the dangers of interpreting section data and the necessity for year-round interdisciplinary time-series measurements.
Welcome to the Pacific Gateway to the Arctic Ocean
The western Arctic landmass has been home to native communities of humans for 10,000-20,000 years [Hoffecker and Elias, 2003] . Deglaciation ~15,000-10,000 years ago led to rise in sea-level and the opening of the oceanic channel we now call the Bering Strait, likely stabilizing world climate [Dyke et al., 1996; Hoffecker and Elias, 2003; De Boer and Nof, 2004] , and leading eventually to the development of a maritime culture in the region at least 3,500 years ago [for overview, see Fitzhugh, in press] . Ever since the first explorers passed through the Bering Strait (Semyon Dezhnyov, 1648; Cossack Chief Ermak, before 1650; Vitus Bering, 1728 [see e.g., Black, 2004 ), nations have realized the potential for this narrow channel as a gateway to Arctic riches. The western Arctic whaling boom ) saw a dramatic increase in shipping through the strait (one ship in 1848; over 220 ships in 1852 [Bockstoce, 1986] ), eager to exploit the rich ecosystem just north of the strait in the Chukchi Sea. In present times, as summer Arctic sea-ice cover is dramatically decreasing [Stroeve et al., 2007; Stroeve et al., 2014] , a new Arctic rush is taking place, with the Bering Strait offering the gateway for transarctic shipping and access to the natural resources being revealed by the retreating ice.
Besides its role as a geographical barrier, the narrow (~85km wide), shallow (~50m deep) Bering Strait plays a remarkably large role in local and global climate. It is the only conduit for ocean waters between the Pacific and the Arctic oceans. Although the flow through the strait is modest in global terms (~0.8Sv [Roach et al., 1995] , 1Sv = 1 Sverdrup = 10 6 m 3 /s) compared to the Gulf Stream (between 30-85Sv [e.g., Pickard and Emery, 1990] ), the impact of the Bering Strait throughflow is substantiallocally, in the Arctic, and globally. By providing a northward exit, the flow through the strait has an important draining influence on the Bering Sea Shelf to the south [Stabeno et al., 1999; Zhang et al., 2012] , a region which provides ~50% of the US fish catch [Sigler et al., 2010] . North of the Bering Strait, the throughflow dominates the properties and residence time of waters in the Chukchi Sea [Woodgate et al., 2005b] , which is in turn one of the most productive areas of the world ocean [Grebmeier et al., 2006a] . In the Arctic proper, waters of the throughflow (often referred to in the Arctic as Pacific waters, since the Bering Strait is the sole source of Pacific water to the Arctic) are an important source of nutrients for Arctic ecosystems [Walsh et al., 1997] ; act as a trigger for the melt back of Arctic sea-ice in summer [Woodgate et al., 2010b] ; and provide ~1/3 rd of the freshwater entering the Arctic [Aagaard and Carmack, 1989] . The throughflow also provides a conduit for contaminants into the Arctic [Macdonald et al., 2003] .
Pacific waters are found throughout roughly half the area of the upper (shallower than ~100m) Arctic Ocean [Jones and Anderson, 1986; Steele et al., 2004] , where they likely influence western Arctic sea-ice retreat in two opposing ways [Francis et al., 2005; Shimada et al., 2006; Woodgate et al., 2010b ] -the summer Pacific water providing a subsurface source of heat to the sea-ice in winter, and the winter Pacific water below forming a protective layer between the sea-ice and the warmer Atlantic waters deeper in the Arctic water column [for a brief review of Arctic Ocean circulation, see . The nutrients brought into the Arctic by the Pacific waters fuel Arctic ecosystems and biological productivity also in the areas where they exit the Arctic [Jones et al., 2003] , especially the polynya regions of the Canadian Arctic Archipelago [e.g., Tremblay et al., 2002] .
Via its contribution to Arctic freshwater outflow, the influence of the Bering Strait is also felt in the Atlantic Ocean, with implications for global climate stability. Modeling studies [see e.g., Wadley and Bigg, 2002 , for a review] suggest the throughflow can influence the path of the Gulf Stream and the Atlantic Overturning Circulation, and paleo studies attribute modern climate stability to the balancing influence of the Bering Strait throughflow [De Boer and Nof, 2004; Hu et al., 2007] .
The remarkably broad impacts of the Bering Strait throughflow drive the desire to quantify and explain the properties of the throughflow, both for local and global environmental and climate studies, and to anticipate the impacts and challenges of economic growth in the region. In this article, we will address the observational challenges of the strait, and the interdisciplinary progress that has been made in recent decades (Section 2), especially since the advent of the US-Russian RUSALCA (Russian-American Long-term Census of the Arctic) program in 2004. Drawing on mooring, satellite and hydrographic data, we will summarize our current best understanding of the oceanography of the strait, starting with the underlying physics (Section 3) and reviewing the available, much newer and sparser, chemical measurements (Section 4). Both the high productivity of the region and it being a constricted gateway to the Arctic make the strait a unique opportunity for observation of marine mammals transiting to the Arctic, and we discuss the first moored acoustic observations from marine mammal recorders in the strait (Section 5). We conclude (Section 6) with a discussion of future challenges and plans for a long-term monitoring system for the Pacific Gateway to the Arctic.
Challenges and solutions for working year-round in the Bering Strait 2.1 The unavoidable challenges of working in the Bering Strait
The challenges of measuring year-round in the Bering Strait are environmental, technical and political.
The region is geographically remote, with the settlements in the area (e.g., villages of Diomede and Wales, Figure 1 ) being accessible currently only by aircraft or by sea, although increasingly in recent years, plans for a tunnel or a bridge across the strait are frequently mooted, despite the lack of infrastructure on either side of the strait. Even access by sea is complex, as the nearest deep water port is Dutch Harbor on the Aleutian Chain some 1300km south of the strait, while the closer port of Nome (220km southeast of Bering Strait) takes only smaller vessels and is vulnerable to closure in bad weather.
In winter (from ~November/December to ~May/June) sea-ice (and in places landfast ice) may block the channel [Torgerson and Stringer, 1985; Travers, 2012; Woodgate and Travers, in prep] , hindering shipping but promoting sea-ice based hunting and travel between the mainland and the islands. As discussed below (Section 3.5), ice keels may be >20m (Richard Moritz, APL, unpublished data), endangering upper water column moored instrumentation. The catenary (here the under-water loop) of hawser (towing line) from tugs towing barges through the strait is another potential source of moored instrument loss. Due to the high productivity of the waters, biofouling of instrumentation is also a major concern (Section 2.3), and freezing water temperatures present further challenges to instrumentation.
The ~85km wide channel of the strait is split into two channels by the two small Diomede Islands (Little Diomede -4km x 3km; and Big Diomede or Ratmanov Island -8km x 4.5km) roughly in the center of the strait (cover graphic, Figure 1 ). While the channels are moderately flat and ~50m deep, the sides of the channel and the islands are comparatively steep -about 15m drop per km on the sides of the strait, and about 50m drop per km by the islands (data from NOAA 2011 mapping survey, Kathleen Crane, NOAA, unpublished data). There is a shallow passage (probably less than 30m deep) between the islands. Coastal currents are found on both the US and Russian coasts (Section 3.2), and there are indications of trapped circulations around and near the islands (Section 3.3) [Woodgate and RUSALCA11ScienceTeam, 2011; Raymond-Yakoubian et al., 2014; Woodgate et al., in prep] .
The 1867 US-Russian convention line also runs through the Chukchi Sea and the center of the strait between the two islands at 168º 58'37"W (Figure 1 ), meaning that EEZ (Exclusive Economic Zone) permission (US or Russian) is required to work in all regions of the strait.
Observations of the flow from explorers stretch back as far as 1728 [Coachman and Aagaard, 1966] , where most, but not all, expeditions reported northward flow. Scientific measurements from the strait, although sparse in space and time, are reported as early as 1937 in the Russian literature [for discussion, see Shtokman, 1957] . Although we appear to lack access to the full details of the Russian research from this era, it is clear that authors such as Ratmanov, Maksimov, and Leonov investigated in situ measurements, theory, and the broader role of the strait in the global ocean. By the middle of the century [Shtokman, 1957; Gudkovich, 1962; Coachman and Aagaard, 1966] , a clearer picture was emerging of a strong (order 50cm/s), generally northward current, which was highly variable seasonally, strongly influenced by wind (especially on shorter timescales), and likely driven by some Pacific-Arctic sea-level difference (of unknown source), often termed the "pressure-head driven" flow. The role of two coastal currents -the Siberian Coastal Current on the Russian coast and the Alaskan Coastal Current on the US coast -was also recognized. These insights into the structure and variability of the flow indicate the necessity for year-round measurements in the strait, preferably synoptic in both the US and Russian channels.
In September 1990, the joint US-USSR Circulation Study of the Chukchi Sea started an extensive mooring program both in the strait and throughout the whole (US and Russian) Chukchi Sea, of which 13 moorings were successfully recovered in 1991 [Roach et al., 1995; Woodgate et al., 2005b] . Within the strait proper, three mooring sites were established -A1 in the center of the Russian channel, A2 in the center of the US channel, and A3 in US waters mid-channel ~35km north of the strait proper (Figure 1) . Two more years of measurements both in US and Russian waters followed (1992-1993, and 1993-1994 , albeit with mooring A3 placed some 200km further north, site A3', for 3 years starting in 1992), leading to the first direct measurements of the annual mean flow (0.8±0.2Sv) for the Sept 1990-Sept 1994 period and quantification of seasonal variability in transport and salinity [Roach et al., 1995] .
However, 1994 marked a hiatus in moorings in Russian waters. Between 1994 and the advent of RUSALCA in 2004, although year-round measurements in the strait were continuous (with the exception of a 1-year period, summer 1997-1998), they were only made in US waters.
In 2004, NOAA's RUSALCA program was successful in obtaining the necessary permissions and clearances to deploy a year-round mooring in Russian waters at site A1, starting a new-era in cross-strait measurements. In conjunction with NSF-funded International Polar Year and Arctic Observing Network (AON) projects supporting moorings in the US waters of the strait, from summer 2004 to summer 2011 a synoptic array of typically 8 but sometimes 11 moorings was deployed in the strait (with typically three moorings in Russian waters), giving high-resolution coverage of the velocity and water properties in both channels of the strait. Biofouling and battery issues dictate an annual servicing of the moorings. Moorings included both US and Russian instrumentation, providing data to allow for an intercalibration of data sets especially in the technology of current measurement. Joint US-Russian cruises brought together cross-border science teams (see psc.apl.washington.edu/BeringStrait.html), allowing for exchange of information otherwise inaccessible in the Russian literature, and free access to both EEZs allowed hydrographic sections to be taken across the entire strait (Section 3, Figure 2 ).
Annual servicing of the high-resolution array in US waters continued until recovery in 2013. However, clearance issues prevented the annual turn-around of the moorings in Russian waters in summer 2011, and although the Russian channel moorings were recovered in 2012, the 2-year deployment and biofouling severely degraded data return. Due to continuing access issues, the Russian channel moorings were not redeployed until 2014, when one mooring was reinstated at the western edge of the Russian channel. Meanwhile, since prior work suggests that a particular set of three moorings in US waters is broadly sufficient to determine physical water properties and volume, heat, and freshwater fluxes through the strait Woodgate et al., 2007; Woodgate et al., in prep] , ONR and NSF-AON have funded these three moorings to be deployed in US waters starting in 2013 and to continue till summer 2018. Table 1 summarizes all the US-related mooring deployments in the strait since 1990. The analysis of this extensive data collection is still on-going, but we present preliminary results below (Section 3 onwards).
The advent of new and non-physical mooring technologies in the Bering Strait region
A further advance of the recent years has been the introduction of newer technologies for measuring important parameters within the strait (Table 1) .
For the first decade of the moorings (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) , measurements were taken with traditional Seabird Seacat (temperature and salinity) sensors, and Aanderaa Recording Current Meters (RCM) equipped with rotors. Despite typical preventative measures, both Seacats and RCMs were prone to biofouling, resulting in erroneously low salinities due to clogging of the salinity cell, or velocity drop-outs due to slowing or jamming of the rotors [Roach et al., 1995; Woodgate et al., 2005b] . As better technology became available, RCMs were replaced with their acoustic counterparts (2003-2005 onwards) , eliminating the rotor jamming issues. In 2002, an RDI Acoustic Doppler Current Profiler (ADCP) (also insensitive to biofouling) was introduced to the array in the new mooring A4, deployed first in 2001 to directly measure the Alaskan Coastal Current (ACC) (Figure 1 ). The ADCP yields both a profile of velocity (as opposed to the point measurement of the RCM) and estimates of ice thickness and ice motion.
In 2007, the new ISCAT technology (developed at APL, UW) was deployed for the first-ever yearround measurements of the upper water column. Before this time, all year-round measurements had been solely of the lower layer, since ice keels and shipping threatened instruments deployed within ~35m of the surface. The strong currents of the strait precluded (and still preclude) the use of currently available winched sensors, and profilers climbing on a wire were also impractical, as the top float required would need to be in the ice-risk zone. In the ISCAT system, a Seabird temperature-salinity-pressure sensor is contained in a top "ice-resistant" float, which is placed in the upper water column. The data from this instrument are telemetered every 30min via an inductive modem to a data logger placed at a safe depth on the mooring. The buoyancy of the top ice-resistant float is designed so that the float will pull down under ice-keels. If nonetheless the top float (which is connected to the rest of the mooring via a weak link) is severed from the mooring by the ice, the logger will retain the data recorded up to the time of instrument loss. These ISCAT instruments, deployed successfully on typically 3-5 moorings per year from 2007 to present day, combined with satellite sea surface temperature measurements, allow us to assess year-round temperature and salinity structure in the water column (Section 3).
The importance of the high nutrients in the strait have driven attempts at in situ moored measurements of nitrate, first with the EnviroTech NAS Nutrient Analyzer sensors (2000) (2001) (2002) (2003) and then more recently (and successfully) with the Satlantic ISUS (In Situ Ultraviolet Spectrophotometer) instruments (2005 to present). These efforts are described in Section 4.1. In 1999, mooring A3 also carried a prototype 12-bottle moored water sampler (MITESS -Moored Trace Element Serial Sampler [Bell et al., 2002] ), set to take a water sample once every month (Kelly Falkner, OSU, unpublished data; [Woodgate, 2000] ). Bio-optic sensors (fluorescence, turbidity and sometimes PAR (Photosynthetically Active Radiation)) have been mounted on pumped Seabird sensors or as independent stand-alone instruments since 2002 (Section 4.1), and for two years, starting in 2011, prototype ocean acidification sensors (measuring pH and pCO2) were also deployed at site A3 (Section 4.2). Also, in consideration of higher trophic levels, marine mammal acoustic recorders have been deployed on the moorings since 2009 (Section 5).
Biofouling -one oceanographer's signal is another oceanographer's noise.
Before reviewing the mooring knowledge gained by these decades of moorings, we reflect briefly on unintended consequences. Although biofouling (see e.g., photos) was/is primarily a nuisance for the physical measurements (requiring at times dragging for moorings since a small, unfortunately located barnacle can successfully jam the mooring release mechanism -see photos in cruise reports available at psc.apl.washington.edu/BeringStrait.html), over the decades of work, it became clear even to the physical oceanographic-centric, that the nature of the biofouling on the recovered moorings was changing [Woodgate and RUSALCA12ScienceTeam, 2012] . Thin bryozoans gave way to extensive barnacles, mussels were found at depth in instrument cages, basket stars occasionally were recovered with the instruments, and in 2012 even amphipods were found on the moorings (Marnie Zirbel, OSU, pers. comm. 2012) . Inadvertently thus, the moorings offer a platform for assessing species shifts over the last decades. Photographic documentation of these shifts is available in the cruise reports (and by application to the lead author) to any interested parties. On average, as long as winds are northward, or less than ~10m/s southward [Woodgate et al., 2005b] , the flow through the strait is northward, and typically ~30cm/s -on this day, actually ~40cm/s. On similar days (e.g., Figure 3 ), ship's ADCP and moored ADCP data show a strongly uniform, mostly barotropic (invariant with depth) current throughout the strait, with flow intensification on the US side near the surface near the coast [Woodgate et al., in prep] . Due to the narrowness of the strait, the flow is strongly rectilinear, i.e., along-channel, approximately northward or southward [Woodgate et al., 2005b] , although with exceptions we discuss below.
In terms of water properties, the most dominant feature of the system is warm, fresh waters on the Alaskan coast, waters originating from the Alaskan Coastal Current (ACC) [Coachman et al., 1975; Woodgate and Aagaard, 2005] . Waters in the west (Russian channel) are typically colder than the ACC, although may be warmer than mid-strait waters, and there is a ubiquitous, strong east-west salinity gradient with saltier waters on the Russian side [Coachman et al., 1975] .
By drawing on hydrographic CTD sections taken across the strait every summer/fall from 2000 to 2014 and mooring data, we can identify other persistent features of the water properties in the strait.
Under northward wind conditions, the westward extent of the warm Alaskan Coastal Waters (ACW) (viz., waters that are or were once part of the dynamic, coastal-trapped Alaskan Coastal Current) is remarkably consistent between sections, with extents being typically 10-20km out into the strait. This length scale is, unsurprisingly, close to a typical Arctic Rossby radius (order 10km). There is, again unsurprisingly, a geostrophic velocity maximum associated with the edge of these waters, resulting in a change of velocity with depth of order 50cm/s, to which must be added the bottom flow of order 20-40cm/s to obtain the total velocity in the strait (Figure 3 ). The fresher, warmer waters extend to depths of 40m by the coast, thinning towards the westward edge of the current in the wedge structure typical of coastally-trapped buoyant currents (Figure 2 ).
Under stronger southward wind conditions (or just following such southward wind events), section and moored ADCP data ( Figure 4 , and [Woodgate et al., in prep] ) indicate that ACW move (or have moved) away from the coast and across the strait. This cross-strait circulation is consistent with Ekman dynamics, with surface waters being driven to the right of the wind-direction, and, in fact, in the full depth moored ADCP records, it is sometimes possible to see a clear component of westward flow in the nearsurface layers and compensating eastward flow at depth (illustrated schematically by red arrows in panel (d) in Figure 4 ). The result of this is to "spill" warm fresh waters across the strait, at times reaching at least as far as the Diomede Islands (e.g., September 2007 [Woodgate, 2008] ).
This mechanism is at least in part responsible for another key feature of the strait, viz., the ~two-layer structure of the water column, i.e., an upper warmer (and frequently, but not always, fresher) 10-20m thick layer above a more homogeneous colder saltier layer reaching to the bottom, present through much of the strait (Figures 2 and 4). As we will see below, this layered structure is also manifest in the biological properties. While the "spilling" of ACW is a good candidate mechanism for this two-layer structure, it is also notable that in some cases (e.g., data from 2001, 2003 and 2006, not shown) , the upper layer is marked mostly in temperature and hardly in salinity, suggesting solar heating of the upper water column contributes significantly.
Over the years, biological parameters -fluorescence, dissolved oxygen and transmissivity (some shown in Figures 2 and 4) -have been measured on some sections. Very typical of the region are subsurface maxima in fluorescence which match the base of the two-layer structure described above. Fluorescence values are also standardly low in the ACC and increase westward in the more nutrient-rich waters of the Russian channel, although the distribution is often patchy. High values are also often found near the islands. High dissolved oxygen values are also found in the middle/west of the US channel (we lack oxygen data from the Russian channel), with waters frequently appearing significantly (several 10s of %) supersaturated [Woodgate and RUSALCA12ScienceTeam, 2012; Woodgate et al., 2014] , although without bottle calibrations of the CTD sensors, quantitative numbers should be interpreted with caution.
It is gratifying to compare these snapshots with the much longer-term, indigenous assessment of the velocity in the strait, documented in Raymond-Yakoubian et al., [2014] , who interviewed Native peoples from the US and Russian coasts of the Bering Strait and Chukchi Sea. Their summarizing map shows three distinguishable currents in the US channel at ~30km, ~15km and ~7km off Wales (equivalent to ~10km, 25km, and 33km on Figures 2, 3, and 4). Our sections are generally not close enough to shore to identify the current nearest Wales, however the middle current matches well the location in our sections of the edge of ACW and the associated surface intensified velocity (identified from ship's ADCP data or geostrophic velocity, e.g., Figure 3 ), typically found between ~25-30km on our sections (equivalent to ~10-15km off Wales). We hypothesize the current furthest from Wales is a manifestation of the main flow through the channel. The communities also note that waves (and thus also winds) from the north or northwest bring crabs and clams ashore in Wales, consistent with the compensating eastward flow at depth upwelling along the coast during the "spilling" events discussed above.
Ubiquitous to all this work are the rapid and large variations that can occur in the region at times of changing wind (Figure 4 ). Mooring data allow us to quantify variations in flow and temperature-salinity (TS) properties over the time taken to run sections, and indicate that a section must be run over a few hours (not a day) to be considered synoptic. For example, although early published velocity sections from the entire strait [Coachman et al., 1975] show strong cross-strait variability, it is almost certain (as indeed suggested by the authors), that this variability is just the result of aliasing temporal change, and that within the strait proper (i.e., away from the islands or the coasts) the flow field is mostly homogenous (Figure 3 ). This often overlooked fact is vital to meaningful interpretation of hydrographic data from the region.
The seasonal boundary Currents -the Alaskan Coastal Current, the Siberian Coastal Current
As is clear from Figure 1 , the spatial variability of water properties in the Chukchi Sea in summer is dominated by the presence of two coastal currents, the Alaskan Coastal Current and the Siberian Coastal Current.
As described above, the Alaskan Coastal Current (ACC) and the waters (Alaskan Coastal Waters, ACW) from the ACC are signature features also in the Bering Strait proper. The warm, fresh ACC is likely the consequence of significant riverine influence, and is high in sediment and low in nutrients. It is present seasonally from ~late April to late December, and can be tracked northward through the Chukchi and eastward along the northern coast of Alaska [Paquette and Bourke, 1974; Ahlnäs and Garrison, 1984; Woodgate and Aagaard, 2005] . Indeed, ACW are also found (possibly after a transit time of ~2 years) in the Canadian Basin of the Arctic [Jackson et al., 2011] . Although the volume transport of the ACC (~0.1Sv) is small compared to the full Bering Strait throughflow (~0.8Sv), since it is significantly warmer (>5ºC) and fresher (>7psu) (Figures 2 and 4) than the main waters of the strait, it is estimated to carry ~1/3 rd of the heat and ¼ of the freshwater flux of the strait . Undoubtedly the ACC also varies interannually although this aspect has been only rarely (or indirectly) addressed Brugler et al., 2014] .
On the Russian coast, the Siberian Coastal Current (SCC) is much less observed by in situ measurements [e.g., Figure 4 , and Weingartner et al., 1999] . The cold, fresh SCC, also seasonal and of volume transport ~0.1Sv, originates in the East Siberian Sea, and in some (but not all) years flows southward into the Chukchi Sea via Long Strait [Münchow et al., 1999; Weingartner et al., 1999] . Often carrying sea-ice (e.g., Figure 1 ), the SCC extends southward along the Russian coast until usually being deflected into the central Chukchi by winds and/or the northward flowing Bering Strait waters. Only rarely (under conditions of strong southward wind) does the SCC reach the Bering Strait ( Woodgate et al., 2010a ], see Figure 4 ).
Eddy zones and trapped circulations around the islands
It is important to note that the sections shown in Figures 2, 3 and 4 all run slightly to the north of the Diomede Islands, and anomalous waters and flow properties are usually encountered in this region, which is effectively in the wake of the island during times of northward flow [Woodgate et al., in prep] . While (as discussed above) ADCP sections show fairly uniform northward flow throughout the channels of the strait (data shown are only from the US channel, but mooring data indicate strong flow coherence across the Russian channel also), in contrast an eddying region is found north of the islands in the last stations in US waters (Figure 3, marked E1 and E2 ). This conclusion is strongly supported by satellite sea surface temperature (SST) data (e.g., cover graphic), which show cold, trapped eddies behind the islands. Mooring D1-11 in 2011 was deployed to quantify the year-round presence of these features, and their role in mixing within the strait [Woodgate et al., in prep] .
Mixing caused by eddies shed by flow past an island are known, in suitable circumstances, to cause phytoplankton blooms [e.g., Hasegawa et al., 2009] , and in our summer surveys, at least qualitatively, there were larger concentrations of birds in this region compared to in either channel of the strait at comparable distances from the islands. Moreover, Native traditions [Raymond-Yakoubian et al., 2014] warn of dangerous eddying zones ~8km and ~25km northeast and north of the islands. The closest of these could be a feature in the eddy zones E1 and E2 (Figure 3 ) while the more distant eddy (~3 times the length of Big Diomede away from the islands) could relate to features seen in SST maps (e.g., cover graphic).
Thus, it can be assumed that due to some form of island trapping, waters close to and behind the islands may have somewhat different properties than in the main channels of the strait, as is evident to some degree in Figure 2 .
The winter Bering Strait -flow, hydrography and its relationship to the seasonal cycle
Using a combination of ~45m deep mooring data, ISCAT data from ~15m, and sea surface temperature (SST) satellite data, we can track the transition of the water column into winter. Shortwave solar radiation input starts to decline in July falling to near zero by the end of October. Water temperatures lag this change, starting to cool only in September/October [Woodgate et al., 2010b] . Although in summer, warmer fresher waters are at the surface, surface cooling in autumn leads to a temperature inversion in the strait, with colder waters overlying saltier, warmer waters. The water column then homogenizes. We assume this homogenization is primarily due to wind-driven or related flow-driven mixing, since from the salinity stratifications found in summer (Figure 2) , it is clear that cooling alone is insufficient to mix the entire water column. Note the cooling trend is associated with freshening of the deeper layers, as the surface fresher layers are mixed down to the depths of the lower layer instruments [Woodgate et al., 2005a] .
Typically by late December, the water column cools to freezing, sea-ice appears and subsequently ice growth through the winter drives salinization of the waters by brine-rejection until about March, when spring melt and/or advection of waters from the south start to freshen the water column at the freezing temperature [Woodgate et al., 2005a] . As sea-ice disappears in May/June, the water column starts to warm. SST data indicate the surface warms faster than at depth, but ISCAT data suggest that for ~ one month, the warmer surface layer is shallower than 15-20m, since only after that time do ISCAT temperatures diverge from lower layer temperatures. For quantification of the seasonal cycles in lower layer temperature and salinity, see Woodgate et al., [2005a] .
Although this description is primarily one-dimensional (i.e., here assuming everything is locally driven from the surface and there is no horizontal variability), the effects of advection on the water properties of the strait must not be neglected. Indeed it is hypothesized that oceanic advection of heat from the south both hinders ice-formation in the fall and affects ice-melt in the summer . While the focus of our paper is in describing the oceanography of the strait itself, the water properties are certainly strongly influenced in some complex manner by the Bering Sea to the south, not just by local effects, and the flow field is, as discussed above, frequently related to pressure gradients from the Pacific to the Arctic or global wind effects.
In addition to these strong seasonal changes in temperature and salinity (which in turn affect density, and thus equilibrium depth for these waters in the Arctic water column), there is also a seasonal change in velocity, with winter currents generally being weaker northward or sometimes even southward [Woodgate et al., 2005a] . This reflects that the winter winds are more southward and oppose the northward pressure-head driven flow [Woodgate et al., 2005b] , an understanding also clearly recognized in the Native knowledge of the region [Raymond-Yakoubian et al., 2014] .
During winter, (in contrast to the large summer cross-channel variability in temperature and salinity) mooring data suggest that all of the Bering Strait region (and most of the Chukchi Sea) is at the freezing temperature with only a small variation in salinity [Figures 11 and 12 of Woodgate et al., 2005b] . Indeed, from the entire mooring data set (not shown), salinity differences in winter between the Russian and the US channels are, on average, less than 0.5psu, although there is some indication of greater cross-strait variability in recent years. Although the velocity shear and variability in temperature across the eastern channel associated with the ACC generally disappears with the arrival of freezing waters, at ~40m depth at site A4 we do find episodic freshenings of order 1psu even in the middle of winter, and winter ISCAT data (~15m deep) similarly show short events of near-surface freshening.
Sea-ice in the Bering Strait
In situ measurements of sea-ice have been another long-term goal. As early as 1992, prototype Applied Physics Laboratory (APL) Upward Looking Sonars (ULS) were deployed in the strait to determine the sea-ice thickness distribution (Richard Moritz, APL, unpublished data) . In a more recent innovation [Travers, 2012] , ADCP data from the strait have been used to assess both ice thickness and ice flux. While the ADCP data are less accurate than ULS data, Travers [2012] estimates that of the ~0.5m error in the individual measures of ice thickness from the ADCP, ~50% is due to the beam footprint error (viz., that the sonar illuminates an area of ice of non-uniform thickness) which remains an issue even with dedicated ice sonars [Vinje et al., 1998 ]. ADCP results from winter 2007-2008 identify ice keels of up to 16m depth and mean ice thickness over the winter of ~1.5m [Travers, 2012] . Brine rejection from this thickness of ice would drive a ~0.7psu salinization over a ~50m water column typical of the region, a salinity change that is in reasonable agreement with the ~1psu seasonal change in salinity estimated from 14 years of mooring measurements [Woodgate et al., 2005a] .
Combining ice thickness data with ice velocity data, Travers [2012] estimate Bering Strait sea-ice to carry ~140±40km 3 of freshwater (relative to 34.8psu) northwards in winter 2007-2008, comparable to within errors of the previous (crude) estimate of ~100±70km 3 /yr [Woodgate and Aagaard, 2005] . Note that for the first months of the winter, the ice-flux through the strait is typically southwards, since northward flowing water tends to carry no ice. Only as ice-cover becomes more continuous does the net flux turn northwards.
Extending this analysis to other years [Woodgate and Travers, in prep] suggests remarkably large interannual variability -mean ice thicknesses varying from <1m to >2m; maximum thicknesses being over 18m ( Two other quirks of Bering Strait sea-ice are worth mentioning. All of our sea-ice measurements are taken in recent years, when is it hypothesized that sea-ice is thinner and weaker, but in earlier decades, winter time "ice-arches" were observed in satellite imagery of the strait (in 1979 1980, 1983, 1984, 1985) , when southward flowing ice jammed north of the strait, preventing southward ice flux through the strait and creating a polynya region south of the arch [Torgerson and Stringer, 1985] . (See also Kozo et al., [1987] ). Also, within the traditional knowledge of the region are reports of large chunks of freshwater ice ("blue" ice) good for drinking water (icebergs and/or multiyear ice) from the Arctic traversing southwards through the strait (e.g., Native observations from Diomede, [Oceana and Kawerak, 2014; RaymondYakoubian et al., 2014] ). While those are observations from the past, Babb et al., [2013] track multiyear ice transiting southward from the Arctic through the strait between November 2011 and May 2012, consistent with the net southward ice flux found from the ADCP data in 2011.
Interannual change in the Bering Strait fluxes
So far, we have mostly confined ourselves to describing the typical physical oceanography of the strait, and its seasonal variability. However, as we consider the strait's role in climate change, a pressing question is how these processes and properties vary interannually. Various instrument and coverage issues make data sparse from the 1990s, but the time-series may be considered generally as continuous from 1998 to present. In assessing the strait-scale average of water properties or sum of water fluxes, it has been found that the US mooring site A3 (often termed the "climate site") yields a useful average of the physical water properties in the two channels of the strait Woodgate et al., 2007] , sitting close to mid-channel ~35km north of the strait proper, at a point where the channel flows meet and combine. Data indicate that A3 temperature-salinity (TS) properties are a combination of A1 (Russian Channel) and A2 (US channel) properties, and that given A2 and A3, it is possible to estimate A1 TS to ~0.1ºC and 0.2psu (not shown). To obtain the total flux through the strait, it is also necessary to quantify the contributions of the Alaskan Coastal Current (obtained from mooring A4), the upper water column stratification, and sea-ice flux. Data from the recent high-resolution moorings arrays will guide details of these calibrations [Woodgate et al., in prep] , but prior work has used standard corrections for all these terms [Woodgate et al., 2010b; Woodgate et al., 2012] .
Perhaps most dramatic in the recent interannual variability is the increase in volume flux from 2001 to present day (here 2013, previously reported to 2011 , and updated in Figure 5 ), an increase from ~0.7Sv to ~1.1Sv. Although the absolute numbers are still small, this change represents an almost 50% increase in the flow. Since, to first order, whatever enters the Bering Strait must exit the Chukchi into the Arctic, this increase has corresponding impacts on increased ventilation of the Arctic halocline and decreased residence time of waters in the Chukchi Sea (order several months). Combined, these two effects may result in a significant change in the timing of different water properties entering the Arctic.
Coherent with this volume increase is change in the heat flux carried into the Chukchi/Arctic [Woodgate et al., 2010b; Woodgate et al., 2012] . Since Pacific waters exit the Arctic (via the Fram Strait and the Canadian Archipelago) at near-freezing temperatures [Steele et al., 2004] , we compute heat fluxes relative to -1.9ºC, the freezing point of Bering Strait waters. This allows us to quantify the heat lost from the Pacific waters somewhere in the Chukchi/Arctic system. Including corrections for the ACC and stratification, calendar-mean Bering Strait heat fluxes ( Figure 5 ) are ~3-6 x10 20 J/yr (i.e., 10-20TW) [Woodgate et al., 2010b] , comparable to the shortwave solar input to the Chukchi Sea [Perovich et al., 2007] , and about 1/3 rd of the Fram Strait heat flux [Schauer et al., 2008] . Although undoubtedly some heat is lost in transit through the Chukchi [Woodgate et al., 2005b] , this quantity of heat is sufficient to melt 1-2x10 6 km 2 of 1m thick ice, an area equivalent to 1/3 rd to 1/5 th of annual Arctic sea-ice retreat [Woodgate et al., 2010b] . While several other factors contribute to Arctic sea-ice loss (especially the ice albedo feedback), those authors hypothesize that the Bering Strait heat flux acts as a trigger to create open water upon which the ice-albedo feedback can act, and also provides a year-round subsurface source of heat potentially thinning arctic sea-ice, since Pacific summer waters are found throughout roughly half of the Arctic Ocean [Steele et al., 2004] .
Pacific waters contribute ~1/3 rd of the freshwater entering the Arctic Ocean [Aagaard and Carmack, 1989; Serreze et al., 2006] . As per these authors, we calculate freshwater fluxes relative to 34.8psu, an estimate of the mean salinity of the Arctic, and thus our flux is an estimate of the ability of the inflow to freshen the Arctic Ocean. Woodgate et al., [2012] , the increase being in part due to falling salinities. In addition to net flux properties, local conditions are also changing, with lower layer temperatures (but not sea surface temperatures) being warmer in recent years, and warmer waters arriving 1.6±1.1days/year earlier in the strait, resulting in a longer warm season . As discussed above, there is also large interannual variability in sea-ice fluxes [Woodgate and Travers, in prep] .
Teasing apart the mechanisms for these changes is non-trivial. Prior work suggests that ~50% of the heat flux and ~90% of the freshwater flux changes are due to changes in the volume flux, and relates ~1/3 rd of the volume flux change to changes in the local wind, and the remaining 2/3 rds to the far-field forcing the flow, believed to be related to a Pacific-Arctic pressure difference [for a discussion of Bering Strait forcings, see e.g., Woodgate et al., 2005b] . More recent work [Danielson et al., 2014] links the far-field forcing of the flow to the position of the atmospheric Aleutian Low pressure system. There are some indications that the earlier warming in spring relates to faster transport of waters from the Bering Sea , but there is still no clear understanding of how Bering Sea water properties may affect the properties in the strait. Establishing mechanistic or statistical linkages may require a skilled model of the region [e.g., Nguyen et al., 2012] , although given the comparatively poor linkages between remote sensed data (e.g., wind and SST) and the fluxes through the strait, in situ moorings still remain the only reliable method of quantifying the Bering Strait throughflow.
The Biogeochemical Oceanography of the Bering Strait
Biogeochemical studies of the Bering Strait are far less advanced than the physical oceanographic studies since, until ~ 2000, measurements were primarily made only from water samples gathered from ships and were thus sparse in space and time. Nonetheless, ship-based station data [e.g., Walsh et al., 1989; Cooper et al., 1997] established the existence of strong cross-strait and vertical gradients in biogeochemical properties, with, for example, nutrients being low in surface waters (especially in the eastern channel) and near the US coast in the Alaskan Coastal Waters. The nutrient-rich waters of the Russian channel were related to waters passing through the Gulf of Anadyr on the Russian coast at ~64ºN, and these waters are often called Anadyr waters. In a pilot study to obtain time-series measurements, in July-September 2001 and March-May 2003, a laboratory based on Little Diomede Island sampled water (from ~5m depth) pumped ashore from a pipe extending 120m off-shore in the channel between Little and Big Diomede [Cooper et al., 2006] . But logistical and scientific issues remained to be solved with this approach, with measurements being strongly influenced by wind, vulnerable to runoff from the island, and likely biased due to the trapped island circulations described above. Instead, some progress has been made with mooring technologies which allow (at least in design) for year-round automated measurements.
Nutrients and bio-optics -nitrate, fluorescence and turbidity
From 2000 (Table 1 ), various automated nitrate samplers have been deployed in the strait (Terry Whitledge, UAF, unpublished data). The earliest of these, the NAS Nutrient Analyzer instrument, employed wet chemistry techniques, with bags of reagents included in the instrument. However, deployments from 2000 to 2003 demonstrated this design was insufficiently robust to work in the challengingly cold, high flow waters of the strait.
Far greater success has been achieved with the optical ISUS (In situ Ultraviolet Spectrophotometric Sensor), deployed annually in the strait at two mooring sites since 2005. While data calibration still has to be completed (especially since the ISUS appears to be sensitive to drift (Phyllis Stabeno, NOAA, pers. comm., 2013)), year-long time-series indicate significant seasonal change in the nitrate levels in the strait, ranging from 8-32µM over the course of a year in data from the near coastal mooring in the Russian Channel (A1W) [Weingartner and Whitledge, 2013; Whitledge and Stockwell, 2013] . These authors show a strong positive correlation exists between nitrate and independent salinity measurements, probably reflecting that the nutrient-rich Anadyr waters are also comparatively salty. As for salinity, measured nitrate levels vary widely and rapidly as water temperatures fall in autumn, likely due to the mixing down (discussed above) of nutrient-depleted (fresher) surface waters to the ~30-40m depth of the instrument. Their data suggest an increase of nutrients in winter, often followed by a spring depletion, which we suggest may be driven by the spring bloom (when it is coincident with peaks in fluorescence, see below). Summer section data [Lee et al., 2007] raise the possibility of significant (~30%) reduction in nutrients in the strait from 2002 to 2004, although those authors admit this apparent change may be due to the large spatial and temporal variations in the region rather than interannual variability. Analysis of the fully calibrated in situ multi-year ISUS data should cast some light on this issue, as well as elucidate the seasonal cycle.
Similarly, bio-optical instruments, deployed since 2002, allow an assessment of the seasonality of fluorescence and turbidity (Terry Whitledge and Thomas Weingartner, UAF, unpublished data). Calibrations (on-going) are particularly challenging due to biofouling, although the use of copper foil and bio-wiper instruments have decreased this problem. Preliminary data plots [in Whitledge and Stockwell, 2013 , and in cruise reports at psc.apl.washington.edu/BeringStrait.html], typically show that chlorophyll (as measured by fluorescence) is very low in winter, but starts to increase at roughly the same time as the strait starts to melt out and freshen. It is notable this increase seems to occur under sea-ice, coincident with the seasonal onset of solar shortwave radiation reaching the water as sea-ice concentration starts to fall [data as per Perovich et al., 2007] and often starts to thin [Woodgate and Travers, in prep] . A more rapid rise in fluorescence occurs as water temperatures start to warm, likely with the onset of the spring bloom. In most of the records, the spring bloom yields the highest chlorophyll signals, with fluorescence reducing during the rest of the summer and autumn. In contrast, one record, that from the Alaskan Coastal Current site A4 in 2010 [Woodgate and RUSALCA11ScienceTeam, 2011] , shows also a weaker, but significant autumn bloom, although this is not reproduced in the A4 record in 2011, the only other year for which we have data at this location. The fluorescence signals are often episodic, but it must be remembered that, due to ice-keel risk, these instruments are deployed at ~40-50m, and thus are likely often measuring the fall-out of the bloom, rather than the bloom itself. Times of high fluorescence often correspond with times of high turbidity, although high turbidity signals are also found without corresponding elevated fluorescence, the most notable example being the winter-long high turbidity signals found at site A4 [Woodgate and RUSALCA11ScienceTeam, 2011; Woodgate and RUSALCA12ScienceTeam, 2012] , likely due to sediment of coastal origin carried by the Alaskan Coastal Current.
Ocean Acidification
Even more recently, preliminary efforts have been made to establish year-round measurements of pCO 2 and pH in the strait for purposes of studying ocean acidification (Fred Prahl, OSU, unpublished data, available at www.aoncadis.org). While the entire Arctic Ocean is thought to represent 5-14% of the global ocean sink for atmospheric carbon dioxide (CO 2 ) [see e.g., and references therein], increased atmospheric CO 2 levels, decreasing sea-ice coverage and increasing freshwater input are likely increasing Arctic CO 2 uptake, making Arctic waters increasingly corrosive to the calcareous shells of marine taxa that frequently are at the bottom of the Arctic food-chain [for review, see Fabry et al., 2009] . Thus, assessing this acidification in the rich marine ecosystems of the Bering and Chukchi seas is particularly important. Again, the Bering Strait provides a spatially manageable and critical point for assessing these changes.
In a "proof-of-concept" project, pH, pCO 2 , and dissolved Oxygen (DO) sensors were deployed on mooring A3 (the climate mooring) from 2011-2012, and 2012-2013 . Data return (Table 1) was somewhat compromised by various instrument issues, provoked by the cold, biofouling environment. However, in total we obtained one month of SAMI (Submersible Autonomous Moored Instrument, from Sunburst Sensors) pH data in summer 2011; and one year of pH data from the only deployment of the SeapHox instrument (a field effect transistor system developed by T.Martz, Scripps Institution of Oceanography) also in summer 2011 [Woodgate and RUSALCA12ScienceTeam, 2012; BeringStrait2013ScienceTeam, 2013] . To provide a spatial context, water samples were also taken by a CTD rosette for pCO 2 , dissolved inorganic carbon, and total alkalinity determinations from sections in the US channel and through the mooring site A3 in July 2011 July , 2012 Data from these water samples allow us to draw low spatial resolution sections of the aragonite saturation state, Ω A , in the US channel of the strait [Woodgate and RUSALCA12ScienceTeam, 2012] . (Ω A <1 indicates dissolution of calcium carbonate is favored, see e.g., for discussion.) On 14 th July 2012, Ω A was everywhere greater than 1, with highest values (~2-3) being found in the surface layer in the center of the channel, while the bottom waters in the channel had lower values, Ω A~1 .3. By the Alaskan coast, surface waters had intermediate values (~1.7), with some indication of Ω A increasing slightly with depth. A repeat of the section on the 19 th July 2012, just five days later, show some values (near the center of the channel) changed by ~0.5, but patterns remain the same. Indeed, the same pattern was found in July 2011 and 2013. We hypothesize that the strong vertical gradient in Ω A in the strait is due to upper water column primary production increasing saturation state near the surface (due to biological uptake of CO 2 in the water) and decreasing saturation state at depth (due to aerobic remineralization of the primary production as it sinks), processes described in . Meanwhile, the comparatively low values of Ω A near the Alaskan coast likely relate to the modifying chemical influence of riverine waters, as noted further south in the Bering Sea [Mathis et al., 2011] . Overall, these measurements suggest that the region is not currently corrosive to aragonite, although the low Ω A values near the coast suggest future vulnerability, especially in light of the increased freshening trend observed (which tends to lower Ω A values).
In (2004) in both surface and bottom waters), but some stratification in summer (mid July, Ω A ~3(surface) to 2(bottom) both years). Our inability to determine if these differences are seasonal or interannual indicates the driving necessity for time-series measurements in the strait.
Lacking pCO 2 measurements, we are unable to calculate Ω A from the mooring pH data we acquired, but, since high pH generally favors high Ω A (and vice versa), we can investigate pH changes to obtain at least a first-order indication of the temporal dynamics of the oceanic carbonate system in these waters. Our July section data (2011 and 2012) show pH varies spatially similarly to Ω A -in these years, the lower layer US channel waters have pH ~8.15, often slightly higher at the surface (~8.3-8.5 pH units), while the waters on the Alaskan coast have slightly lower (more acidic) values (pH ~8-8.15), with values increasing at depth [Woodgate and RUSALCA12ScienceTeam, 2012] . Again, rerunning the sections within a few days shows small, but significant changes, order 0.05 to 0.1 pH units.
At ~48m on mooring A3, the one year of pH mooring data (July 2011-July 2012) (with end points within ~0.1pH of bottle sample data) ( [Woodgate and RUSALCA12ScienceTeam, 2012] ) show significant episodic variability (from 8-8.3pH units) in summer and fall. While winter pH values are more uniform (around 8.1), the episodic increases in pH signal return as the waters start to warm after the winter (Section 3.4), likely linked with the onset of the spring bloom. Such variability may possibly be due to biological uptake of CO 2 even at these depths -as discussed above, during this initial warming, the water column may be mixed from ~15m depth to the bottom, and the ISUS nutrient data from the same depth (albeit at a different mooring location) also show nitrate draw-down coincident with the spring bloom. However, the pH changes could also reflect advection of waters from the south. The one month of SAMI data (July-August 2011) show pH to be strongly correlated with ISUS nitrate and (at some times, seemingly when the mooring is dominated by Russian channel waters) also strongly correlated with temperature, with pH being lower in high nitrate, colder waters typical of the Anadyr waters [preliminary data in Woodgate and RUSALCA12ScienceTeam, 2012] .
Some oxygen data were also recovered from these deployments -six months from the SAMI-pH, one year from the SeapHox. However the records are dissimilar and in the absence of collaborating bottle data, we neglect them here, noting only that both records suggest times of oxygen supersaturation caused by net primary production, as is found in section data (Section 3.1).
While the results relevant to ocean acidification are preliminary and the data set is sparse, they are sufficient to demonstrate the high temporal and spatial variability of the biogeochemistry in the Bering Strait. Our findings also illustrate the dangers inherent to inferring interannual change from section data alone. To understand (and thus predict) the regional biogeochemistry (and also its far-field influence) will require year-round measurements and a much greater understanding of the spatial and temporal variability in the narrow yet complex gateway between the Pacific and Arctic oceans.
Moored Marine Mammal Observations in the Bering Strait
As discussed in Sections 3.4 and 3.5, recent years show increases in heat and freshwater fluxes and open water season the Bering Strait region. The biological responses to these physical changes are complex but may result in a shift in the northern Bering Sea and Bering Strait from an Arctic-type ecosystem to a subarctic type ecosystem [Grebmeier et al., 2006b; Grebmeier, 2012] . One way to monitor changes in, or impacts on, an ecosystem is to observe the response of a suite of upper trophic level species such as sea birds and marine mammals via changes in occurrence and/or distribution . For instance, the Pacific Arctic Region ecosystem "reorganization," from benthic-to pelagic-based (possibly linked to sea-ice decline [e.g., Hunt et al., 2002] ) and sea-ice decline itself, might negatively impact marine mammal species that rely on sea-ice for habitat (e.g., ice seals, walrus, bowhead whales) and/or benthic infauna for food (e.g., walrus, gray whales, some ice seals) via a reduction in habitat and prey abundance [Grebmeier et al., 2006a] . Other species, however, such as subarctic "summer whales" may benefit from increased access to northern habitat and pelagic prey species [Moore and Huntington, 2008; Clarke et al., 2013a] . While the risk of potential competition for resources from subarctic species expanding northwards is poorly understood [Clarke et al., 2013a] , integrating upper trophic level species with environmental data can provide insight into those environmental drivers which might result in increased competition. Furthermore, assessment of impacts of increased human activities in the Arctic (marine resource extraction and increased shipping) requires improved basic marine mammal population information [Reeves et al., 2014] . Finally, there is concern among Native Alaskans who live in the villages of the Arctic that environmental changes may result in changes in distribution of, and access to, species that are important for subsistence.
The southern Chukchi Sea/Bering Strait region is the gateway for Arctic marine mammals, such as the bowhead whale, that winter in the Bering Sea and summer in the Pacific Arctic. Subarctic species, including fin, humpback and killer whales occurred here historically and are being seen with increasing frequency by aerial and shipboard surveys [Clarke et al., 2013a] . Whether these species are re-occupying old habitat or exploiting new habitat provided by decreased seasonal sea-ice is unknown. Changes in marine mammal occurrence can be detected both visually (during cruises with visual survey effort) and acoustically by recording underwater sounds made by marine animals, ships, and ice and wind. Traditional visual survey methods are hampered by poor weather, ice cover, and limited day light hours. The use of passive acoustic monitoring overcomes these constraints and permits the detection of vocally active species.
Beginning in 2009, hydrophone packages were added to the mooring at A3. These instruments sampled at 8192Hz on a duty cycle of 10min/hour. Spectrograms showing time, frequency, and amplitude of each acoustic data file were generated and the presence (1) or absence (0) of at least one species-specific call was noted for each hour for fin, humpback, killer, and bowhead whales. In the shallow Chukchi Sea, we likely detect all calls within 10-20km, and perhaps some up to 30km away.
In September-December of every year from 2009-2012 (Figure 6 ), in addition to the arctic bowhead whale, we also recorded the subarctic species humpback, fin, and killer whales. Humpback whales were detected from September through October, most often in 2009 and 2012 with fewer hours with calls in 2010 and 2011. Fin whales were recorded most commonly in 2012 followed by 2009, with fewer calls being detected in 2010 and 2011. Killer whales were the third most commonly recorded subarctic species and were recorded sporadically in all four years but most frequently in 2012. Photographs of killer whales in the Chukchi Sea and acoustic data indicate that the whales that are found in the Chukchi Sea are of the mammal-eating ecotype and are likely following other subarctic species, including gray whales, north in the summer as seasonal sea-ice retreats [Higdon and Ferguson, 2009; Ferguson et al., 2010] . Detections of these subarctic cetaceans all ended in late October/early November, before the formation of seasonal sea-ice. Figure 6 shows the distribution of all whale calls by year with also the corresponding temperature-salinity (TS) properties in the strait. Oceanographic conditions in both 2009 and 2012 (the high-call years for subarctic species) were characterized by colder, saltier water, possibly indicating the greater presence of nutrient-rich Anadyr water at this site in these years [similar to Russell et al., 1999, in the Bering Sea] . The interannual variability in the presence of subarctic whales, also documented by acoustic and visual survey data [Clarke et al., 2013a] , may be related to this TS variability. For example, in the southern Chukchi Sea, greater abundances of large zooplankton and forage fish, which are known prey of fin and humpback whales, are found in cooler, higher nutrient waters [Eisner et al., 2013] .
Bowhead whales migrate south through the Bering Strait in early winter after feeding in the eastern Beaufort Sea and the Russian Chukchi coast all summer and fall [Quakenbush et al., 2010] . Thus the Bering Strait region is part of the winter range of bowhead whales [Citta et al., 2012] and that is reflected in the occurrence of bowhead signals nearly every hour beginning in mid-November (Figure 6 ). Bowhead whale calls did not show the same interannual variability as the subarctic species' calls, although bowhead whales were recorded earliest in the year and most often in 2012, a year where the velocity data (not shown) suggest anomalously southward flow commencing in mid October, shortly before onset of continuous bowhead calls. Note that aerial survey data from the northeastern Chukchi Sea also found many more bowheads than usual in September and October 2012 [Clarke et al., 2013b] .
The seasonal presence of subarctic cetaceans in the Bering Strait region is certainly due to foraging opportunities, with resource availability enhanced by the decrease in seasonal sea-ice (i.e., increased habitat) and post-whaling population increases. This increased presence could result in competition for resources with Arctic marine mammals such as bowhead whales particularly if these species overlap more in space and time than at present. The Pacific Arctic is currently experiencing ecosystem shifts over multiple trophic levels [Grebmeier, 2012] . Marine mammals are sentinels of Arctic ecosystem changes and understanding the physical drivers of these shifts, and how they vary over annual, decadal, and longer time scales, requires long-term monitoring of their presence within the ecosystem.
Directions for the Future
What lessons can we learn from this prior work as we look towards research and measurement goals for the Bering Strait for the future? We are struck immediately with two distinct, but related challenges. The first is how to efficiently quantify those important properties of the throughflow which we already mostly understand. The second is how to address the missing gaps in our understanding of the daily, seasonal, interannnual, and spatial changes of the complete interdisciplinary system of the strait region.
As outlined above, by far the most progress has been made in the physical oceanography of the strait. Past measurements have provided a fair understanding of the relevant spatial and temporal scales which we must capture to properly describe the physical system of the strait, and established that a reasonable quantification of water properties and fluxes of volume, heat, and freshwater may be obtained from three moorings in US waters (A2, A3, and A4). In an on-going NSF-AON project, these measurements will be combined with Native knowledge, high-resolution ocean modeling, and continued summer hydrographic measurements to ascertain previously overlooked features and provide a longer-time perspective for the time-series (Rebecca Woodgate, APL; Patrick Heimbach and An Nguyen, MIT; Julie RaymondYakoubian, Kawerak, Inc.; pers. comm., 2012) .
Yet, while a practical scheme exists for these measurements, there are still urgent gaps in our physical knowledge of the strait, most notably in our understanding of the driving mechanisms (especially the far field driving) both of the main flow and of the boundary currents, and the disciplinary and interdisciplinary impacts of the smaller scale features, such as eddies, and topography (island)-driven mixing. Advances here will likely require a combination of observations, theory and modeling.
Even greater unknowns exist in the biogeochemical and ecosystem realm. It is obvious from the results presented above, that these measurements are still very much in their infancy. While we are slowly overcoming the technical challenges of chemical and biogeochemical measurements in these cold, biofouling environments, we still lack an appreciation of seasonal and interannual variability and, importantly, the fundamental understanding of the length-and time-scales of the variability in these parameters which is required to make sense of necessarily sparse observations. Furthermore, understanding of results higher up the ecosystem will rely on our ability to characterize the basic biogeochemistry of the strait. Year-round time-series measurements, to provide a short time-scale and seasonal/interannual understanding of variability, will be a vital part of solving these puzzles. As the physical oceanography shows, the strait is subject to dramatic change on short time and space scales, and it is essential to take this variability into account when interpreting data.
Finally, inherent to all these biogeochemical questions is the necessity for a "whole strait" understanding, including both the nutrient-rich waters in the Russian channel and the nutrient-poor waters of the US channel.
Over the 25 years since the mooring program in the Bering Strait was established, great progress has been made, measuring a system which was initially (naively) assumed to be interannually comparatively static. As the predictions of the climate models are for enhanced change in the Bering Strait [e.g., Holland et al., 2007] , as Native science and Western science both document unexpectedly large changes in the ecosystems in recent years [Grebmeier, 2012; Oceana and Kawerak, 2014] , and as increased commercial pressure make a comprehension of the region more necessary for environmental protection [e.g., Reeves et al., 2014] , we must act rapidly to establish at least a baseline, fundamental understanding of the fully coupled biogeochemical and ecosystem in the Pacific Gateway to the Arctic.
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FIGURES
Graphic for Opening Spread: 18 th July 2013 Landsat Brightness Temperature image of the Bering Strait, with the Russian coast (left) and the Alaskan coast (right). The northward flow of water forms cold eddies behind the two islands (Big and Little Diomede) in the center of the strait. Between the islands and the Alaskan coast, a vortex chain of small eddies is cast off Fairway Rock, just south of the strait [Lavrova et al., 2002] . Image from landsat.usgs.gov, with thanks to R.Lindsay. (Table 1) marked by dots (blue for the 3 moorings of the physical measuring system A2, A3, A4 and grey for the historic site A3') and by black bar in the strait proper. (c): Schematic of the Bering Strait (with IBCAO bathymetry [Jakobsson et al., 2000] ) showing mooring locations (black/grey dots for multiple/single year deployments respectively) and schematic of annual mean flows -magenta, the mean flow through both channels, which combines at site A3; red, the ACC found seasonally every year on the Alaskan coast; and, blue, the SCC found seasonally in some years on the Russian coast. D.Is.=Diomede Islands (with village of Diomede on Little Diomede. Wales=village of Wales. Dashed green line between the islands marks the US-Russian Exclusive Economic Zone border at 168º 58'37"W. (Figures 3 and 4) . Green arrows and vertical dashed lines mark locations of the currents identified by native observations [RaymondYakoubian et al., 2014] (Section 3.1). Warm, fresh, low fluorescence Alaskan Coastal Waters are found along the Alaskan coast (right). Note the ~ two-layer system in the rest of the strait, the increase of salinity towards the west (left), the subsurface fluorescence maxima in the Russian channel, and the anomalous waters behind (brown bar) the Diomede Islands. In all these panels, the Alaskan Coastal Current appears as intensified flow near the surface on the US coast (right). Note that mooring data from the ~ 3 hrs during which the section was taken show that, over this period, lower-layer velocities midstrait fell from ~30cm/s (at the time of the westmost part of the section) to ~20cm/s (by the eastern end of the section), and this temporal change is aliased into apparent spatial variability, as indicated . Both channels show, over this short timeperiod, significant changes in structure and values for temperature, salinity and fluorescence. In the Russian channel, the second occupation (column (b)) under strong southward wind conditions, shows the Siberian Coastal Current (SCC) reaches the strait with salinities of 24psu (red labels in middle section). In the US channel, the second occupation (column (d)), taken just after southward wind conditions, shows the waters of the Alaskan Coastal Current to have spilled westward across the strait (see Section 3.1). The magnitude of these short-time period changes illustrates the challenges of interpreting single section data.
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